Abstract-Relaxor-based piezoelectric single crystals have experienced three generations of development, from binary (e.g. PMN-PT) through ternary (e.g. PIN-PMN-PT) to doped ternary (e.g. Mn:PIN-PMN-PT). With improved composition and other relevant factors, these materials exhibit an extraordinary degree of piezoelectricity and ultrahigh electromechanical coupling coefficients, making them suitable for applications requiring high sensitivity and high bandwidth. With further increases in rhombohedral-to-tetragonal phase transition temperature (TRT), coercive field (EC) and mechanical quality factor (Qm), these piezocrystals can now be expected to work at elevated temperature, T, and pressure, P, and with high electric field drive. However, in operation, material properties can vary and performance can degrade significantly because of these elevated conditions, and the situation can be exacerbated by losses in the materials, necessitating proper characterisation of loss factors. In this paper, we report an investigation of three different loss characterisation methods then propose one combined method, demonstrating its use on TE-mode plates of PIN-PMN-PT and Mn:PIN-PMN-PT. Characterisation was performed using impedance spectroscopy for 20°C ≤ T ≤ 100°C and 0 MPa ≤ P ≤ 60 MPa. Results relating to dielectric, elastic and piezoelectric losses are reported, with detailed analysis and comparisons.
I. INTRODUCTION
Relaxor-based piezoelectric single crystals ("piezocrystals") have now developed through three generations, exemplified by binary PMN-PT (Gen. I), ternary PIN-PMN-PT (Gen. II) and doped ternary Mn:PIN-PMN-PT (Gen. III), motivated by improved piezoelectric performance compared with piezoceramics. These piezocrystals exhibit extraordinary piezoelectric properties, e.g. d33 = 1500 pC/N and d15 = 2190 pC/N, compared with d33 ≈ 300 pC/N for PZT4. This makes them suitable for a wide range of passive and active applications requiring high bandwidth and high sensitivity piezoelectric transduction [1] .
The three generations of piezocrystal have been further improved by modifying their material systems to provide higher coercive field (EC), mechanical quality factor (Qm) and rhombohedral-to-tetragonal phase transition temperature (TRT). These changes are beneficial in expanding the boundaries of use under elevated conditions where high environmental temperature, T, pressure, P, and active electric field drive are needed [2] . However, significant material property variations caused by elevated external conditions have been reported [3, 4] , demonstrating the need to evaluate piezocrystal stability and reliability in performance in conditions matching practical scenarios.
One essential aspect of evaluation, besides basic material properties, is measurement of loss factors which strongly relate to both stability with temperature increases caused by high drive conditions and performance expressed by figures of merit (FOMs). One example is kij 2 Qm for active underwater transducers, where kij is the relevant electromechanical coupling coefficient, and another is dhgh/tanδe for passive underwater hydrophones, where dh and gh are the piezoelectric constants under hydrostatic conditions. Losses in piezoelectric material comprise three parts: elastic loss, dielectric loss and piezoelectric loss, all generating heat, lowering energy efficiency and degrading performance through material property variation. There are three basic methods to characterise the loss factors:
(1) observation of hysteresis loops relating four variables, electric displacement D, electric field E, mechanical strain S, and mechanical stress T [5] ;
(2) derivation from material properties using the ratios of the real and imaginary properties; and (3) equation-based derivation for each loss factor [6] .
However, the three methods do not always agree. Additionally, loss factor measured has previously been conducted mainly for piezoceramics. It is therefore important to investigate loss characterization methods for piezocrystals both at and beyond ambient conditions.
In the study described here, aiming at characterising the loss factors of piezocrystals under elevated environmental conditions, we first examine the three different loss characterisation methods and proposed the adopted method for each loss factor in Section II. Then, in Section III, experimental arrangements to apply elevated temperature and pressure for PIN-PMN-PT and Mn:PIN-PMN-PT are explained, with measurements based on electric impedance magnitude spectroscopy. Detailed loss characterization results and discussions are presented for elastic, dielectric, and piezoelectric losses in Section IV. Finally, conclusions and suggestions for future work are presented in Section V.
II. LOSS CHARACTERISATION METHODS
Three types of loss mechanisms degrade the functional performance of piezoelectric materials in operation: elastic loss, dielectric loss, and piezoelectric loss. Elastic, or mechanical loss, relates to the intrinsic damping or "internal friction" of the material, expressed by a loss tangent, tanϕ, or, in practical situations, by a mechanical quality factor, Qm, relating to a time constant, , for attenuation of vibration.
Dielectric loss represents the inherent dissipation of electromagnetic energy in a dielectric material when an alternating voltage/current is applied, with a ceramic capacitor as the prime example. The energy is mainly converted into heat and the dielectric loss can be expressed in terms of a loss tangent tan δ. To date, there has been no clear agreement on the origin of the piezoelectric losses. However, it is generally thought to be linked with the dissipation in energy conversion from mechanical to electrical or from electrical to mechanical, energy, again expressed by a loss tangent, tan θ.
Mathematically, these loss tangents can be expressed as complex numbers for piezoelectric materials. Combining the field variables, the definitions are given by:
In these equations, j is the imaginary unit and the asterisk indicates a complex number. [6] .
A. Hysteresis method
The three types of losses are associated with hysteresis responses between four relationships: (1) strain versus stress for elastic loss; (2) electric displacement versus electric field for dielectric loss; and (3) strain versus electric field or (4) electric displacement versus stress for piezoelectric loss. From the perspective of energy, the area beneath the response curve represents the energy storage, and the area within the hysteresis loop represents the energy dissipation relating to loss.
Taking the hysteretic response for dielectric loss as an example, as shown in Fig.1 , the stored energy, UE, with E increasing from 0 to E0, and the energy dissipation, wE, within the whole hysteresis cycle, are given by: By combining Eqns. 7 and 8, the free dielectric loss can be obtained as:
This method is directly based on the conception of energy, and involves the use of a Sawyer-Tower circuit to make measurements.
In the related experiments, specific mechanical arrangements are needed to control the strain and stress response for the characterisation of elastic and piezoelectric losses; these are difficult and always invasive of the piezoelectric samples.
B. Material property based method
Considering that all the loss factors can be expressed mathematically as complex numbers, another feasible characterisation method is to derive the loss factors from the ratio of the imaginary and real parts of a specific material property, MP, simply as:
For dielectric loss, tan δ ' and tan δ can be derived from the complex forms of free and clamped dielectric permittivity respectively, with a straightforward measurement using an LCR meter or an impedance analyser (e.g., 4395A, Agilent/Keysight, Santa Clara, CA, USA). For elastic and piezoelectric losses, the complex forms of elastic and piezoelectric properties can be obtained by fitting them to impedance spectroscopy curves measured with a calibrated electrical impedance analyser. Commercial software is available for the fitting process (PRAP 2.2, TASI Technical Software Inc., Ontario, Canada). The accuracy of this method depends on the fitting algorithm for the piezoelectric material under analysis, and requires clear resonant and anti-resonant features to be obtained by measurement.
C. Equation based method
According to the IEEE standard [7] , some specific loss factors are expressed in equations for simple derivation. For elastic loss, tan ϕ, relating to the mechanical quality factor, Qm, they are given as:
where f0 is the central frequency of the peak response and Δf is the -3 dB bandwidth.
Loss factors for specific vibration modes have also been systematically reported in previous research [6] and are here considered to be useful to investigate the loss in piezocrystals. Taking the TE mode as an example, losses are expressed as: 
where Qr and Qa are the mechanical quality factors for the resonant and anti-resonant frequencies, kt is the electromechanical coupling coefficient for the TE-mode sample, and ΩA is given by:
where wA is the angular frequency at resonance, b is the sample thickness, ρ is the sample density, and c33 D is the elastic stiffness constant.
These equations are obtained based on restriction of certain vibrational modes and also mathematical approximations in their derivation. Special attention is required when it is not possible to conform to the restrictions or if the assumed approximation is not valid.
D. Combined method
After evaluating the advantages and disadvantages of the three methods outlined above, a combined method is proposed to further examine their applicability, based on measurements with two 5 x 5 x 0.5 mm 3 TE-mode plates of PIN-PMN-PT and Mn:PIN-PMN-PT.
For dielectric loss, it is proposed to determine the loss factors for free and clamped permittivity, respectively, as:
The mechanical quality factors are determined for resonance and anti-resonance, respectively, as:
The piezoelectric loss is obtained with two methods for comparison, with one based on material properties:
and the other one based on a more complicated equation:
III. TEST ARRANGEMENTS
To assess the effects of environmental temperature and pressure rise on the three types of loss factors, impedance spectra of the piezocrystal samples were measured, with temperature controlled by a fan-assisted oven and uniaxial pressure applied with a material testing machine (MTS, SSID 5966, Instron Ltd., High Wycombe, UK). The temperature started at 20 °C, with the pressure increasing from 0 to 60 MPa. Then, the temperature was elevated to 40 °C with the pressure cycled again 0 -60 MPa, until the ultimate temperature 100 °C and pressure 60 MPa were reached, as shown in Fig.2 (a) . The impedance magnitudes of the test samples were obtained, as shown in Fig. 2(b) , and the combined method was used to extract the loss factors expressed in Eqns. 16 -21.
IV. CHARACTERISATION OF LOSS FACTORS
The free and clamped dielectric losses (tan δ33 ' and tan δ33) were extracted from the impedance magnitude measurements using Eqns. 16 and 17, as shown in Fig. 3 , for both PIN-PMN-PT and Mn:PIN-PMN-PT. tan δ33 ' increased sharply after 80°C and tended to stabilise with elevated pressure at 80°C and 100°C. For tan δ33, a sharp increase was found only for PIN-PMN-PT at 100°C, and the stabilisation effect with elevated pressure level can be easily seen for Mn:PIN-PMN-PT. Both tan δ33 ' and tan δ33 generally increased with temperature for both materials. The mechanical quality factors at resonance and antiresonance, Qr and Qa, respectively, for the TE-mode samples were analysed by measured impedance spectra and analysing the results using Eqns. 18 and 19, as shown in Fig 4. Qr decreased sharply as the temperature and pressure rose. For Qa, the most significant degradation happened at 20°C and it recovered significantly after the pressure was released from 60 MPa back to 0 MPa. Both Qr and Qa exhibited recovery in the range 20 -40 MPa during pressure application. Based on the method related to Eqn. 21, the piezoelectric loss factor tan θ33 was obtained as shown in Fig. 6 . The values followed the same trends as in Fig. 5 , but they were extremely high, with some exceeding unity. This may be caused by violation of the approximations presumed in the derivation of the underlying equations. Characterisation results demonstrated significant increases in elastic, dielectric and piezoelectric losses, higher than previous expectation and carrying the potential for severe degradation in functional performance. The results for piezoelectric loss indicated invalidity, most likely because of violation of assumptions in the derivations of the relevant equations. Future work will explore how to characterise three loss factors under high electric field drive for piezocrystals.
